The initial filling period during ingot casting was studied theoretically. The motivation was that it is crucial to achieve a preferred flow pattern which can lead to a smooth filling condition, particularly during the initial teeming stage. In this study, a twist-tape swirl blade was applied in a mathematical model to create a swirl flow in the inlet of the mold. The swirl blade was set vertically just beneath the inlet, which was made of a gradually divergent cross section area. The results showed that combinations of the inlet swirl flow and mold with gradually divergent bottom contributes to: i) Inlet flow passes along the wall of the mold, ii) the formation of a very uniform velocity distribution within only 6 s after the molten steel filled into the mold and iii) No formation of a hump on the free surface of the mold during the entire filling times. These phenomena will ensure that the mold flux is spread onto the surface of liquid steel evenly. Besides, the stable surface also prevents the mold flux from being dispersed into the molten steel.
Introduction
The manufacturing of high-quality steel is a multi-step process. After an initial period of heating, mixing and chemical reactions in an electric arc furnace and some crucial processes in a ladle, the filling a mold is the final process in the ingot casting. It has been acknowledged by engineers for years that this filling plays a critical role in determining the quality of the final steel product. Here, uphill teeming casting is one of the casting methods in steel manufacturing in which the steel is drained from the bottom of the teeming ladle into a refractory-lined runner system, which feeds the steel into one or several molds. In the early stages of filling the mold, a mold flux added at the top of the rising steel surface in the mold serves to protect the steel from reoxidation as well as act as a thermal insulator to prevent steel from cooling too quickly. 1) One of the problems right now in the industry is that the mold flux cannot be properly and evenly spread on the surface of the molten steel while filling the mold. This is because of the hump formation during the initial mold filling. Furthermore, an uneven flow will lead to dispersion of flux into the molten steel. This leads to catastrophic problems regarding the final quality of the steel product. For the industry, a smaller hump and lower axial velocities during the initial filling of the mold are very positive attributes since they entail less entrapment of mold powder. In addition, they lead to a decrease in the degree of oxidation. Furthermore, the lowered extent of interaction with the mold powder can lead to a reduction in mold flux consumption and a saving of steel. 2) Therefore it is urgent for the industries to obtain a very uniform velocity distribution and even flow pattern during the initial mold filling. Moreover, it is important to create a relative good environment for the mold flux to uniformly spread onto the surface of the molten steel.
Recently, a method of using a swirl blade, which mounted in the inlet nozzle of mold has been acknowledged to improve the initial filling conditions before the molten steel burning the bag of mold flux. More specifically physical and mathematical modeling of water into an ingot mold has shown that the meniscus movements will be decreased if a swirl blade is used in combination with a divergent nozzle. 1, 2) Here, the swirl blade is a refractory material made plane with a certain twist angle through an axis of itself. When normal turbulent fluid flow passing through the twist plane, the flow will transfer into a flow with tangential velocity, and its axial velocity will decrease sharply if the outlet is divergent.
In this study, the filling of steel using a swirl blade is mathematically modeled. More specifically a swirl blade with a twist angle of 60 degree is used when numerically calculating the flow patterns. The length of swirl blade is 60 mm and its width is the same as the inner diameter of the end of inlet nozzle, 50 mm. The thickness of the swirl blade is 7 mm. Figure 1 shows the geometry of swirl blade in an isometric view and top view as well as its position in the uphill teeming casting. The lower edge of the swirl blade is placed in the axial direction of the runner in the X-direction. Besides, its position is at a distance of 90 mm from the middle of bottom runner.
Mathematical Modeling

Numerical Assumptions
The following assumptions were made in the three dimensional mathematical model of the ingot:
i. The flow rate of molten steel during the filling of mold is constant; ii. Both air and molten steel are incompressible Newtonian fluids; iii. Neither heat transfer nor solidification is considered; iv. The physical properties of both air and molten steel are constant; v. No chemical reactions take place.
Numerical Methods
The general form of the governing equation 3) for the property F (u, v, w, k and e) can be expressed as follows:
.......... (1) where r is the density, F is the general fluid property (u, v, w, k and e), t is time, u is the mean velocity vector, G is the diffusion coefficient and S F is the source term. To represent the free surface shape of the liquid steel at the boundary, the VOF method 4) is used. In this method, the time dependent volume fraction F is governed by the following equa- (4) where j air and j steel is the physical property of air and the liquid steel, respectively. For the two phase flow, the definition (1ϪF) is the volume fraction of the air. The different transport equations of property F in Eq. (1) together with the equation for k and w are shown in Table 1 . Table 2 .
Boundary Conditions
Outlet Boundary
The outlet boundary was defined as a pressure outlet boundary. A value of zero Pa was set to represent the gauge pressure.
Material Properties
Molten steel was employed for this simulation as a secondary phase. Air was set to a primary phase. The liquid steel and air with the constant material properties in this study are summarized in Table 3 .
Method of Solution
The commercial CFD software FLUENT ® 6) 6.3 is used for solving the governing equations including source terms and boundary conditions. The geometry of the entire mold was created by GAMBIT ® 2.4.30, a preprocessor of the FLUENT ® solver. The mesh of the geometry was also done by using GAMBIT ® 2.4.30. PRESTO discretization method was used for solving the pressure. Furthermore, the second order upwind discretization schemes were applied for calculating the momentum, velocity, turbulence kinetic energy (k) and the turbulence dissipation rate (e). The "Geo-Reconstruct" spatial discretization was employed for the volume fraction. Additionally, the courant number of VOF was set to 0.25 as default. The residual of the convergence criterion of the continuity, velocity, turbulence kinetic energy and turbulence dissipation rate were all set to 10
in the air phase at the interface in the liquid steel phase Figure 2 shows the velocity magnitude vectors in the middle cross section of the gating system (runner and bottom of the mold). The flow is a typical turbulent flow in the horizontal runner before passing through the elbow. However, after passing through the elbow, the even flow in the horizontal direction becomes significantly non-uniform. This development of the flow pattern is seen in Fig. 2 . Then the uneven flow will pass through the swirl blade before entering the mold. As can be seen from the plot, the flow pattern has changed after exiting from the swirl blade compared with before it entering the swirl region. Thus, a quite uniform velocity magnitude distribution can gradually be obtained within a short distance from the outlet of the swirl blade. upon the swirl blade leads to a significant decreasing of the velocity, which also helps to create a uniform flow pattern (Fig. 4) . Figure 5 presents the development of calculated radial profiles of the tangential velocity for different positions in the Y-direction at the bottom of the mold above the swirl blade. The initial axial velocity in the runner is 2.69 m/s. After passing through the swirl region, the fluid flow reaches its highest tangential velocity about 0.5 m/s just above the swirl blade region. The velocity is zero at the wall. The flow pattern becomes more evenly distributed at a height of 175 mm compared to the flow pattern at a 150 mm height. At a certain height in the Y-direction, the tangential velocity reaches its maximum value around 1 m/s and then decreases. As can be seen from the figure by comparing different plots, the maximum tangential velocity will first increase to a small magnitude of about 0.3 m/s at the outlet of swirl blade region. Thereafter, the total mean tangential velocity magnitude will decrease with an increasing distance from the swirl blade region.
Results and Discussion
One of the most important functions of the swirl blade is to create a very uniform velocity distribution that leads to a controlled flow pattern to ensure the molten steel smoothly filled into the mold, especially without creating a hump. As mentioned above, the mold flux covering the surface of the liquid steel is used to protect the melt from reoxidation. Thus, the height of the flow surface level during the mold filling process is preferred to be increased smoothly and to be kept relatively stable. This, in turn, can also avoid the dispersion of mold flux into liquid steel which can pollute the steel. However, the crucial time is during the initial mold filling, where paper bags of mold flux need to be burned in order to spread the flux onto the surface of molten steel. They are initially located at the bottom of the mold. The melt need to burn the paper bags when it comes in contact with them. In Fig. 6 , the calculated Y-component velocity distributions on the free surfaces of molten steel in the mold are shown for different filling times. As can be seen from the plot, the maximum Y-velocity magnitude on the free surface at 3 s is around 0.175 m/s, which is about 1/15 of the inlet velocity. It decreases to about 0.05 m/s at 5 s, which is about 1/50 of the inlet velocity magnitude. Moreover, the variation of the Y-velocity on the surface after a 5 s filling time is very small. Furthermore, the fluctuation of the flow also decreases to an acceptable level (within 0.05 m/s). Thereby, a relative calm surface is obtained, which will allow the mold flux to spread evenly on the surface of the molten steel. In addition, it keeps the mold flux relatively stable above the surface.
To show that the flow pattern is controlled and stable, Fig. 7 is plotted to illustrate the history of the maximum Ycomponent velocities on the various heights in the Y-direction during the mold filling. As can be observed from the plot, at the same filling time, the maximum velocities change significantly on different levels. Within 300 mm, it decreases from approximately 3.85 m/s at the 200 mm level to 0.22 m/s at the 500 mm level. Moreover, we can also see that the velocity variation on the upper level is smaller than that on the lower level. At the same level, the difference between velocities at different times is very small that substantiates the stable flow field. Most importantly, the fluctuation of the velocity at each height is very small. The swirl blade region is between heights of 90 mm and 150 mm, where the cross sectional area is smallest in the entire mold. Therefore, the mean Y-velocity is the highest in this region. Above the swirl blade is the bottom of the mold region, which consists of a curved divergent area. Because of the gradually increasing area of the cross section, the velocity decreases as the cross sectional area increases. Besides, it acts as a transitionary region for the flow field from a very narrow channel to a large mold. Thus, a much better flow pattern can be obtained compared to a conventional mold filling system in which the tube (usually with a diameter of 0.05 m) is usually directly connected to the mold. Both curves become linear after 600 mm and the difference is quite small, which means that the mean Y-components are almost the same and stable. Besides, the differences between the mean value and the maximum value will gradually decrease according to the distance, which substantiates the stable flow field. In Fig. 9 , the mean Y-component velocity distribution on the free surface of molten steel is shown. The velocity magnitude at the free surface decreases with the filling time. The fitted curve depicts the trend of the dotted values. It also demonstrates that the flow pattern at the surface will fluctuate during the initial filling. However, it is noticed that the differences between the velocity data at different filling time are very small, with a magnitude of less than 0.02 m/s. Figure 10 depicts the phase contours at different mold filling time. Compared to traditional ingot casting process, when applying the swirl blade, the initial flow filled into the mold will flow along the wall of inlet of the mold. Furthermore, it will not like the traditional inlet create a hump in the mold which may inject into the middle of the mold at a very high level. In Fig. 10(a) , the phase contours at the middle cross section along the x-direction are presented to show the filling process. As can be seen, at 1 s the liquid steel flows along the wall of inlet into the mold. At the same time, a corresponding view from the bottom can clearly show the path and position that the liquid steel reaches. The divergence of the initial flow in the nozzle can properly prevent the formation of a hump. After 2 s, the jetted liquid steel along the wall falls, but some air is trapped into the molten steel. Actually, it is very easy for the big Figure 12 shows the development of the maximum tangential velocity at different distances from the bottom of mold in the Y-direction. As can be seen from the plot, the tangential velocity of the fluid decreases sharply when exiting from the swirl blade region. This is also because of the divergent design of the in-gating system with an increasing area of the cross section. With a short distance in the Y-direction, the tangential velocity decreases to a very small value and becomes stable.
Conclusions
The effects of the implementation of a swirl blade at a vertical position at the inlet nozzle of a mold in uphill © 2010 ISIJ teeming casting system were investigated by numerical calculations. The most important specific conclusions from this study are summarized as follows:
(1) At the initial mold filling at about 1s, after passing through the swirl blade region, the liquid flow will flow along the wall of inlet nozzle. In addition, no hump is formed which exists in a conventional mold. It estimated that the mold flux can cover the surface of molten steel evenly with the calculated flow pattern.
(2) A quite uniform velocity distribution at the divergent nozzle of mold can be easily obtained. This uniform velocity distribution can be achieved within a very short distance from the outlet of swirl region at the divergence inlet areas of mold.
(3) A very uniform and stable flow pattern can be obtained within only 6 s. It is very practical in the industry that the liquid steel on the surface can be protected from reoxidation and the stable surface also prevents the mold flux from being involved into the molten steel.
